The three mouse Gli genes are putative transcription factors which are the homologs of cubitus interruptus (ci) in Drosophila. Along with the gene patched (Ptc), ci has been implicated in the hedgehog (Hh) signal transduction pathway. To assess the role of Gli in embryogenesis, we compared its expression with that of Ptc and Hh family members in mouse. We found that Gli and Ptc are expressed in similar domains in diverse regions of the developing mouse embryo and these regions are adjacent to Hh signals. We also show that Gli is expressed ectopically along with Ptc and Shh in Strong's luxoid mutant mice. These results are consistent with conservation of the Hh signal transduction pathway in mice with Gli potentially mediating Hh signaling in multiple regions of the developing embryo.
Introduction
Specification of cell fates along the three body axes plays a central role during development of the vertebrate embryo. The limbs and spinal cord have been used as model systems to understand these developmental processes, and recent genetic evidence suggests similar signaling pathways control patterning in both structures. A common intercellular signaling molecule is encoded by the gene Sonic hedgehog (Shh), which has been shown to be important in establishing polarity in the neural tube (Echelard et al., 1993; Krauss et al., 1993; Roelink et al., 1994; Ruiz i Altaba et al., 1995) , limb bud (Riddle et al., 1993) and somites (Fan and Tessier-Lavigne, 1994; Johnson et al., 1994) . Shh is a member of a gene family (Hh) in mouse that includes Indian hedgehog (Ihh) and Desert hedgehog (Dhh).
In the developing neural tube, signals from the underlying notochord are responsible for induction of the floor plate, a morphologically distinct structure in the ventral midline (Placzek et al., 1990 . Floor plate cells in turn are able to induce adjacent neural precursors to form motor neurons Yamada et al., 1991; Roelink et al., 1994) . The notochord also signals the ventral somite to become sclerotome, which gives rise to the axial skeleton (Pourquie et al., 1993; Fan and TessierLavigne, 1994) . Transplantation of a notochord to ectopic neural tube positions leads to ectopic ventral neural cell type differentiation (van Straaten et al., 1988; Placzek et al., 1990 Placzek et al., , 1993 Yamada et al., 1991 Yamada et al., , 1993 Goulding et al., 1993) . In the developing limb, the zone of polarizing activity (ZPA) defines a signaling center in the posterior limb bud that is necessary for anterior-posterior (A/P) patterning. Transplantation of the ZPA into the anterior limb bud leads to mirror image digit duplications (Saunders and Gasseling, 1968) . The patterning defects that result from notochord or ZPA transplants can be mimicked by misexpression of Shh, suggesting it is the endogenous patterning signal emanating from these structures (Echelard et al., 1993; Riddle et al., 1993; Chang et al., 1994; Fan and Tessier-Lavigne, 1994; Johnson et al., 1994; Roelink et al., 1994; Ruiz i Altaba et al., 1995) . Accordingly, Shh is found to be highly expressed in the notochord, floor plate, and ZPA, as well as in numerous sites of epithelialmesenchymal interactions (Bitgood and McMahon, 1995) , implying that Shh signaling plays a critical role in a number of morphogenetic processes. Drosophila genetic studies have been critical in determining which genes are in the Hh pathway. The Drosophila homolog of Shh, hedgehog (hh), is a segmentation gene that plays a critical role in controlling body segment polarity and pattering in the larval imaginal discs (Nusslein-Volhard and Wieschaus, 1980; Mohler, 1988; Lee et al., 1992) . In each epidermal segment, hh signaling from posterior cells to more anterior cells is critical for A/P patterning of each segment. hh is normally expressed only in the posterior compartment of each imaginal disc (Lee et al., 1992) , and when misexpressed anteriorly, leads to anterior duplications (Basler and Struhl, 1994; Tabata and Kornberg, 1994) . Clearly, normal transduction of the hh signal, resulting in target gene activation, is important for patterning of the developing embryo. Genetic epistasis analysis has implicated a number of genes in the pathway leading from reception of the hh signal at the cell surface to transcriptional activation in the cell nucleus (Forbes et al., 1993) . In addition, protein kinase A (PKA) has been shown to be a common negative regulator of hedgehog signaling in flies and vertebrates (Jiang and Struhl, 1995; Lepage et al., 1995; Li et al., 1995; Pan and Rubin, 1995; Strutt et al., 1995; Epstein et al., 1996; Hammerschmidt et al., 1996) , although its effects may be exerted through an independent pathway.
The patched gene (ptc) encodes a novel transmembrane protein (Hooper and Scott, 1989; Nakano et al., 1989 ) that appears to play an early role in transduction of the hh signal both in the cuticle of the developing embryo and in the larval imaginal discs (Ingham et al., 1991; Capdevila et al., 1994) . hh activates the transcription of target genes such as wingless (wg), decapentaplegic (dpp), and ptc (Hidalgo and Ingham, 1990; Ingham et al., 1991; Capdevila et al., 1994) by relieving the constitutive repression imposed by ptc. This negative auto-regulation by ptc suggests that high levels of ptc transcription occur only where ptc is functionally inactivated by a hh signal. Recently, vertebrate homologs of ptc have been cloned, and shown to be expressed adjacent to cells expressing Hh genes and transcriptionally activated by Shh in the limb and central nervous system (CNS) (Goodzich et al., 1996 Marigo and . Also, it has recently been demonstrated that patients with the Gorlin syndrome have mutations in PTC (Hahn et al., 1996; . These patients develop a variety of tumors, spina bifida, and exhibit multiple skeletal abnormalities. These characteristics suggest that the PTC gene plays a critical role in both skeletal development and tumor suppression.
While ptc is an early transducer of the hh signal, the gene cubitus interruptus (ci) appears to act as the final component in the hh signal transduction pathway (Forbes et al., 1993; Perrimon, 1995) . ci encodes a zinc fingercontaining protein that is required for ptc and wg expression. Loss of function mutations in ci lead to segment patterning defects similar to those observed in hh mutants (Orenic et al., 1990; Forbes et al., 1993) . Ci mRNA is expressed in all non-hh expressing cells and hh signaling upregulates ci protein expression. Homologs of ci in other species include the sex determining gene tra-1 of C. elegans and the three GLI genes in vertebrate, Gli, Gli-2, and Gli-3 (Kinzler et al., 1987; Ruppert et al., 1988; Ruppert et al., 1990; Walterhouse et al., 1993; Hui et al., 1994) . A comparative analysis of expression of the three mouse genes showed that during embryogenesis, all three GLI genes are expressed in a number of different ectodermand mesoderm-derived tissues including the skeleton and CNS (Hui et al., 1994) . At early stages, the three GLI genes are expressed broadly, but at later stages they become restricted to specific cell types and spatial domains. Interestingly, the studies indicate that the expression patterns of Gli-2 and Gli-3 are similar to each other, and in many instances, complimentary to the expression of Gli.
The function of one of the GLI genes, Gli-3, has been studied by examining a naturally occurring mouse mutant, extra-toes (Xt) that contains a deletion in Gli-3 (Johnson, 1967 Schimmang et al., 1992 Hui and Joyner, 1993; Franz, 1994; Hui et al., 1994) . These mice have defects in limb and forebrain development that mimic the phenotype of humans with GLI3 mutations (Vortkamp et al., 1991) . To date, less is known about the biological functions of the other Gli genes. Recent analysis of mice carrying a targeted mutation in Gli-2 show that Gli-2 is required for postnatal viability and craniofacial and axial skeleton development (Mo et al., 1997) . The phenotype of Gli2;-Gli3 double mutants indicates overlap in function of the two genes. The human GLI gene was originally isolated as an amplified gene in a glioblastoma (Kinzler et al., 1987) and was subsequently found to be able to transform primary cells in cooperation with adenovirus E1A (Ruppert et al., 1991) and to bind DNA in a sequence-specific manner . These properties are consistent with Gli functioning as a transcription factor; however, they do not address whether Gli mediates Shh signaling.
In this report, we compare the expression of mouse Gli with Ptc and Hh genes. The studies show that the mouse Gli gene is expressed near sources of Hh throughout the developing embryo in similar domains as Ptc. Gli expression in the developing limb is found to initially be overlapping with, and then adjacent to, Shh expression. Later in limb development, Gli expression is maintained near another Hh family member, Ihh, and this later expression marks the progression of limb skeletal development. In the brain, whisker follicle, and gut, Shh and Gli are also expressed in adjacent cells. Finally, we show that in limbs of Strong's luxoid mutants which have ectopic Shh expression, Gli also is expressed ectopically. These results are consistent with studies in the frog (Platt et al., submitted) which show that ectopically expressed human GLI can mimic the affects of ectopic Hh in the early neural tube. The present studies provide further evidence that aspects of the Hedgehog signaling pathway have been conserved during evolution and are consistent with the Gli gene acting as a mediator of Hh signaling in diverse regions of the developing embryo.
Results

Gli is expressed like Ptc near Shh during early embryogenesis
To address the question of whether GLI genes could mediate Hh signaling, we used a whole mount RNA insitu comparative expression analysis. We focused our attention on Gli rather than Gli-2 of Gli-3 since our previous studies showed that of the three genes, the expression of Gli was most similar to Shh (Hui et al., 1994) . To extend our previous studies, we directly compared the expression of Gli to both Ptc and Shh during early embryogenesis (Fig. 1 ). Our analysis of Ptc and Shh agrees with earlier studies in mouse (Echelard et al., 1993; Chang et al., 1994; Bitgood and McMahon, 1995; Goodrich et al., 1996) . At 8.5 days post coitus (dpc), all three genes are expressed in various tissues throughout the embryo in apparently overlapping domains (Fig. 1A-C) . Gli and Ptc are expressed in similar broad domains along the neural tube overlapping with Shh, which is confined to the ventral midline. A dorsal view of the midbrain (Fig.  1 D-F) shows that Gli and Ptc share a similar ventral domain surrounding Shh expression in the ventral midline. Similar to Shh, Gli and Ptc are expressed in the hindgut, and expression of Gli and Ptc in the ventral somites and lateral mesoderm is near the midline localization of Shh (Fig. 1A -C, and data not shown).
By 9.5 dpc, Gli and Ptc expression is adjacent to Shh along the neural tube ( Fig. 1G-I ) (Platt et al., submitted, and data not shown). Gli and Ptc expression can also be observed in the first branchial arch, a region overlapping the Shh expressing cells in the pharyngeal endoderm. The expression of Gli and Ptc at 10.5 dpc (Fig. 1J-L ) is nearly identical, and continues to flank Shh in the floor plate. Gli and Ptc expression, however, is strongest at the posterior end. Expression in the developing sclerotomes (derived from the somites), which form the vertebral column, also becomes visible ( Fig. 1J-K) . Gli expression is visible in the posterior half of each limb bud similar to Ptc expression and overlapping with, but broader than Shh expression ( Fig. 1J-L ; also see Fig. 2 ). In the brain, Gli and Ptc complement Shh expression at this stage ( Fig. 1J-L) . Again, the expression of Gli and Ptc is similar, confined predominantly to cells flanking the ventral midline, in the mid-and forebrain, with a dorsal stripe of expression in the diencephalon (also see Fig. 4 ). Consistent with a role in Hh signaling, these results show that early in embryogenesis, Gli is expressed in similar domains to Ptc and near sources of Hh signal.
Gli expression in the developing limb buds initially overlaps and then is complimentary to Shh
To evaluate the developmental significance of expression of Gli in the limbs, we compared it with that of Ptc and Shh during normal limb patterning. The forelimb buds are distinctly visible by 9.5 dpc. While Gli-2 and Gli-3 expression spans the entire A/P axis of the limb bud at this stage (data not shown, and Mo et al., 1997) , Gli expression is limited to a wedge of mesenchymal cells in the posterior half of the bud similar to Ptc expression ( Fig.  2A,B ). These domains of expression, although broader, overlap with weak Shh expression (Fig. 2C ). All three transcripts maintain their posterior localization at 10.0 dpc ( Fig. 2D-F ) with Gli and Ptc sharing a broader domain than Shh with the level of Shh transcription being increased. A day later, at 11.0 dpc, an interesting change occurs. The expression of both Gli and Ptc has faded from the most posterior region (Fig. 2 G,H) where Shh is expressed. Interestingly, the expression of Shh has expanded and seems to correspond to this Gli/Ptc negative region (Fig. 2I ).
Gli expression correlates with segmentation of the cartilage
We analyzed Gli expression during bone formation in the limbs in detail, although Gli is expressed in a similar manner throughout the axial skeleton. The bones of the limb develop by endochondrial ossification, a process that involves the differentiation of condensing mesenchyme into cartilage expressing cells (chondrocytes) followed by the infiltration of bone forming cells (osteoblasts), and finally overt bone formation (for review see Sandberg, 1991) . Cartilage can be specifically stained with Alcian blue (Ojeda et al., 1970) and it has been shown that limb development progresses proximally to distally with the order of digit condensations being 4-3-2-5-1 (Sanders, 1948; Muneoka et al., 1989; Wanek et al., 1989) . After 12.5 dpc, expression of Shh is lost in the developing limb (Echelard et al., 1993) . Gli and Ptc expression, in contrast, resolve into similar unique patterns. As Shh expression fades, expression of a second Hh family member, Ihh, begins to appear (Bitgood and McMahon, 1995; Vortkamp et al., 1996) .
To determine whether the complementarity between Gli and Shh expression in the limb bud is later reflected by Ihh, we compared Gli and Ihh limb expression from 12.5-14.5 dpc (Fig. 3) . The forelimbs of 12.5 dpc embryos show a high level of Gli expression in the condensing mesenchyme (metacarpal region) of the first digits that form (nos. 2-4) as well as in the radius and ulna (Fig. 3A) . At this stage, Ptc RNA is also localized to the mesenchymal condensations of digits 4, 3 and 2; however, the expression appeared weaker compared to Gli (Fig. 3B) . Ihh shows expression in the condensing mesenchyme, and the domain of expression appears narrower relative to Gli and Ptc (Fig. 3C) . Therefore, early in digit formation, Gli and Ptc are expressed near Ihh signal. Alcian blue staining (Fig. 3D) Since development of the hindlimbs is delayed by about one half day relative to the fore limbs, we next compared expression in 13.5 dpc hindlimbs ( Fig. 3E-H) . Gli is now expressed strongly in the perichondrium of the most proximal phalanges in digits 4, 3 and 2, and weakly in the last digits to form, 5 and 1, surrounding the cartilage elements where Ihh is expressed. Expression in the metacarpals has nearly faded completely. There is also weak expression at the distal tips of the early digits, presumably marking the earliest formation of the second phalange. Ptc expression is similar to Gli, but appears weaker overall , and data not shown). Alcian blue staining shows that only the first phalange has become segmented in digits 4, 3 and 2 (not in 5 or 1) (Fig. 3H ), whereas Gli expression seems to define the first phalanges in digits 5 and 1 (Fig.  3E ). This suggests that Gli expression can serve as a marker of bone patterning prior to actual cartilage segmentation. Examination of 13.5 dpc forelimbs (Fig. 3I-L) shows that Gli is strongly expressed over the first two phalanges and weakly over the third phalange of digits 4, 3 and 2. Expression is only found in the first two phalanges of digit 5 and the first phalange in digit 1 (Fig. 3I ). Ptc expression is again similar to Gli but weaker overall (Fig. 3J) . Ihh expression at this stage in whole mounts was only detected at the distal ends of the digits (Fig. 3K ) in this assay, but expression in proximal phalanges can be detected using section in situs (data not shown; see Fig. 3R ). Cartilage staining shows that at 13.5 dpc, the second phalange is just defined in digits 4, 3 and 2, with only the first phalange being formed in digits 5 and 1 (Fig. 3L ). This staining again suggests that cartilage morphological segmentation lags behind Gli expression in separate phalanges (compare Fig. 3I to Fig. 3L ).
At 14.5 dpc in the hindlimb ( Fig. 3M-P ), the expression of these genes has resolved into their full pattern. Gli expression marks all the phalanges, with the second phalange of digit 1 being apparent. Expression in the second phalanges of digits 4, 3 and 2 is broader. Ptc expression is in a similar pattern, but appears strongest at the distal tip where expression of Ihh is apparent. Alcian blue staining reveals that formation of the third phalange (digits 4, 3, 2 and 5) is barely detectable and this is also true of the second phalange of digit 1 as well. Section in-situ analysis of 15.5 dpc hindlimbs (Fig. 3Q,R) clearly demonstrates that Gli expression is confined to the perichondrium and surrounds Ihh expression. Gli-2 and -3, on the other hand, are highest between the bones and in the surrounding mesenchyme (Hui and Joyner, 1993) . In total, these results demonstrate that Gli expression is similar to Ptc and complementary to Ihh in the developing limb skeleton. The progression of phalange formation can be followed by examining Gli expression, as it precedes overt cartilage formation assessed by Alcian blue staining.
Gli expression is complementary to Shh in the brain
As a first attempt to analyze Gli expression patterns in detail in the brain, we sagitally bisected 12.5 dpc heads and subjected them to whole mount RNA in situ hybridization with probes to Gli, Ptc and Shh (Fig. 4A-C) . Gli and Ptc are expressed in apparently identical patterns and both are complementary to Shh. Gli and Ptc transcripts are observed in ventral longitudinal stripes which extend along the hindbrain, midbrain, and continue into the ventral forebrain. In addition, these longitudinal stripes of expression are observed to branch off to a region surrounding the zona limitans interthalamica, a region which separates dorsal and ventral thalamus (Puelles and Rubenstein, 1993) . Shh expression is complementary to Gli and Ptc along the ventral midline of the hindbrain and midbrain as well as extending into the hypothalamus and in the zona limitans. Shh is also expressed in the medial face of the medial ganglionic eminence (MGE).
To more precisely examine the complementary Gli and Shh expression patterns in the brain, we analyzed adjacent sections of 11.5 dpc embryos. Within the ventral forebrain, Gli and Shh also show complementary patterns of expres- sion (Fig. 4D-K) . Gli is expressed ventrally in the preoptic area flanking the midline and abutting the MGE as well as in the lateral edge of the MGE and in the septum (Fig.   4D,E) . Shh expression is complimentary in this region, being expressed in the MGE and in the ventral midline of the pre-optic area (Fig. 4E) . Further caudal in the ventral forebrain, Gli transcripts encompass the mantle layer of the MGE and the hypothalamus near the sulcus in addition to expression in the midline (Fig. 4F) . Again, Shh transcripts are localized to a complementary region, in this case flanking the midline and extending to abut the hypothalamic Gli border (Fig. 4G) . In sections of the midbrain (Fig. 4H,I ), Gli is expressed in the ventral mesencephelon flanking the midline while Shh is expressed along the ventral midline. Gli-2 and -3 expression is confined dorsally throughout the brain (Hui et al., 1994) . Ptc expression is similar to Gli and also complementary to Shh in sections through the mid-hindbrain and forebrain (Fig.  4J ,K, and data not shown). Ptc expression can be detected in the ventral mid-hindbrain and diencephalic regions but absent from the midline while Shh transcripts are detected in complementary regions including the midline. Complementary expression of Gli and Shh has also been seen in the spinal cord at 11.5 dpc (Platt et al., submitted). These expression patterns in the CNS are consistent with genetic interactions between Gli-Ptc and Shh.
Gli expression is complementary to Shh outside the CNS and limbs
We also found complimentary expression patterns of Gli and Shh in regions outside the CNS and limbs (Fig.  5 ). For example, three regions that showed Shh expression in late embryogenesis, the mandible, gut, and the whisker follicles also showed Gli expression. A comparison of expression on sections of gut from 13.5 dpc embryos (Fig. 5A-C) shows that Gli and Ptc are expressed in mesodermal rings surrounding Shh-expressing cells in the endoderm. Similarly, the whisker follicles of 12.5 dpc embryos shows that Gli and Ptc transcripts are localized to the mesoderm in a ring around the central ectodermal cells expressing Shh (Iseki et al., 1996) . In the mandibular arches, strong Gli and Ptc expression is seen near much lower levels of Shh (Fig. 1G-I ). This expression persists in later embryos as well.
Ectopic Gli expression in the limbs of lst d mice
Previous studies have shown that ectopic Shh expression in vertebrates induces transcription of target genes such as Hnf3B and Ptc (Roelink et al., 1994; Ruiz i Altaba et al., 1995; Goodrich et al., 1996; and that in fly, translation of ci is altered in hh mutants (Motzny and Holmgren, 1995) . Our expression studies suggest that transcription of Gli is upregulated by Hh. To test this, we made use of the semidominant mouse mutation, Strong's Luxoid (lst D ) in which preaxial polydactyly and ectopic anterior expression of Shh in the hindlimbs is observed in heterozygotes (Forsthoefel, 1963 Chan, 1995 . Although the exact genetic defect is not known, it has been suggested that the phenotype arises from the ectopic Shh expression (Chan et al., 1995) . In addition to anterior expression of Shh, anterior Ptc expression has been detected . We examined the effect of this mutation on Gli expression (Fig. 6) . The one lst D male mouse that was obtained was crossed to CD-1 mice and embryos were collected at 11.5 dpc and assayed for Gli expression in hindlimb buds. Approximately half the litter is expected to be heterozygous for lst D , and 2/15 animals showed ectopic Gli expression (Fig. 6) . The finding that less than half the embryos ectopically express Gli likely reflects the reduced penetrance of the mutation in heterozygotes on an outbred background (unpublished observations). Comparison of Fig. 6A and Fig. 6B shows ectopic Gli expression in an anterior domain in a lst D limb bud. This ectopic domain of Gli expression is similar to that described for Shh (Chan et al., 1995) . These results are consistent with both Ptc and Gli being downstream targets of Shh signaling and being upregulated transcriptionally by Shh.
Discussion
Patterning of the embryo is a central theme of developmental biology. The genetic interactions that are involved in this process in vertebrates have been greatly advanced by the realization that many of the developmentally critical genes and genetic pathways of Drosophila have been conserved in higher species. The vertebrate limb and CNS have been widely studied to understand general mechanisms of patterning. Shh has proved to be an important secreted molecule involved in patterning both regions. Recently a conserved downstream component of the Hh pathway, Ptc, has been described . We focused our attention towards the end of the pathway on a mouse homolog of ci, the Gli gene. Our expression studies are consistent with Gli being both a downstream target of Hh signaling and involved in transducing Hh signals. Gli RNA is maintained in cells adjacent to sources of at least two Hh proteins and ectopic Gli expression in the limbs of Strong's luxoid mutant embryos suggests Gli is induced in response to Hh, as in fly, but regulation is at the level of transcription, not translation. Whether Gli maintains its own expression is an interesting question. Likewise, Gli RNA expression closely mimics the Ptc pattern, similar to Drosophila ci and ptc protein patterns (Motzny and Holmgren, 1995) . Our studies taken together with others of Hh, Ptc and Gli in vertebrates strongly implicate Gli as a conserved mediator of Hh signaling in multiple regions of the developing embryo.
Gli and Ptc transcripts colocalize in many regions
The segmented cuticle of Drosophila has been used as a model system to study cell fate determination. A major aspect of this event is communication between neighbor- (A-D) , 13.5 dpc hindlimbs (HL) (E-H), 13.5 FL (I-L), 14.5 HL (M-P), and sections of 15.5 dpc FL (Q,R). Gli and Ptc expression are similar to each other through development in the perichondrium surrounding Ihh expression in the cartilage condensations and at the tips of the digits. Gli expression precedes morphological cartilage segmentation as assessed by Alcian blue staining. Fig. 4 . Gli and Ptc expression is complementary to Shh expression in the brain. Bisected 12.5 dpc heads were subjected to whole mount in situ hybridization with probes to Gli (A), Ptc (B) and Shh (C). Gli and Ptc have similar domains of expression in ventral longitudinal stripes which extend from the hindbrain to the forebrain and also surround the zona limitans. Shh expression is found in a complementary longitudinal stripe which includes the zona limitans. Shh expression is also detected in the MGE and all three genes show expression in the mandible. Adjacent sections from 11.5 dpc embryos were hybridized with radioactive (D-I) or non-radioactive (J,K) probes to Gli (D,F,H), Shh (E,G,I,K) and Ptc (J). Gli and Ptc are expressed in complementary domains to Shh. See text for details. ZL, zona limitans; M, MGE; S, septum. Arrowheads indicate domains of gene expression.
ing cells by the secreted wg and hh signals. In Drosophila, hh signal relieves ptc repression of downstream target genes including ptc itself and wg (Hidalgo and Ingham, 1990; Ingham et al., 1991; Forbes et al., 1993; Capdevila et al., 1994) . This relationship suggests that high levels of ptc transcription mark the range of hh action . To examine whether Gli is involved similarly to ci in the hh pathway in mouse, we analyzed the expression of Gli during development in relation to Ptc and Shh/Ihh.
From 8.5 dpc to 10.5 dpc, Gli and Ptc are expressed in domains along the length of the embryo that are adjacent to or overlapping with Shh (Fig. 1) . Gli and Ptc expression are similar to each other, but broader than Shh both in the ventral neural tube and in the limb bud. Gli and Ptc are also coexpressed in the developing somites. Later in development, Gli and Ptc are coexpressed in the developing limb and axial body skeleton. By 9.5 dpc, the forelimb buds are evident and Gli, Ptc and Shh expression can be detected in them. The Gli and Ptc transcripts are confined to similar posterior domains which overlap with Shh but are broader. This relative expression pattern remains at 10.0 dpc with all three genes showing higher expression levels. By 12.5 dpc the patterns of both Gli and Ptc expression have dramatically changed. Gli and Ptc expression now marks the first condensations that will give rise to the individual metacarpals. As the expression of Shh begins to fade, Ihh is expressed in the first cartilage elements to form (Bitgood and McMahon, 1995; Vortkamp et al., 1996) . Expression of Gli and Ptc is confined to the perichondrium, the region directly adjacent to the cartilage condensations which express Ihh. Notably, we found that Gli expression in individual phalanges precedes overt cartilage deposition as assessed by Alcian blue staining (Fig.  3) . Thus, Gli expression is a useful marker for bone segmentation. The early role of Shh in the limb bud may later be replaced by Ihh, with both genes exerting their effects through a similar signal transduction pathway that involves Gli and Ptc. This is consistent with studies showing that in the chick limb bud, Ihh can have the same patterning activity as Shh (Vortkamp et al., 1996) .
Outside of the developing skeleton, Gli and Ptc are expressed in numerous tissues (Walterhouse et al., 1993; Hui et al., 1994; , and we compared some of these expression domains to Shh (Figs. 4 and 5 ). Our analysis of Gli/Ptc expression in the sclerotome is consistent with these genes being involved in interpreting the Shh signal. In the brain, the expressions of Gli and Ptc versus Shh resolve into complementary patterns.
In the gut of 13.5 dpc embryos, Gli and Ptc are expressed in the mesoderm surrounding the central endodermal Shh expression. Similar expression was found in 12.5 dpc whisker follicles where Gli and Ptc transcripts were localized to the mesoderm surrounding the central ectodermal Shh expression (Iseki et al., 1996) . These similar early expression domains of Gli, Ptc and Hh members are consistent with Gli interpreting the Hh signal in various parts of the developing embryo and activating Ptc, similar to ci function in fly.
One difference between fly and mouse appears to be that in Drosophila, ci is regulated posttranscriptionally in response to hh. Highest levels of ci protein are found in cells adjacent to sources of hh, whereas ci RNA levels are similar in all posterior compartment cells. In Drosophila ptc mutant cell clones or following ectopic hh, ci protein (not RNA) is upregulated (Dominguez et al., 1996) . While lack of a mouse Gli antibody precludes analysis of Gli protein levels, our results and others (Epstein et al., 1996; Vortkamp et al., 1996) are consistent with Hh signaling inducing and/or maintaining transcription of Gli. Thus, in mammals, Gli may be autoregulated in response to Hh signals.
Gli and Ptc expression clears from Hh cells
In the limb bud at 9.5 dpc, we observed Gli and Ptc expression confined to a similar posterior domain that overlaps with Shh expression. Interestingly, this pattern changes by 11.0 dpc. Instead of Gli and Ptc being coexpressed with Shh, they are expressed only adjacent to the Shh domain (Fig. 2G-I) . A similar pattern is seen in the hindlimbs, but delayed by half a day (data not shown). This initial overlapping then complementary expression of Gli and Shh suggests there is a feedback mechanism that shuts off Gli expression in the Shh domain. This dynamic pattern has also been described in the developing spinal cord (Platt et al., submitted) where Gli and Shh are initially both expressed in the ventral midline and later, Gli expression is excluded from the midline, but maintained in immediately adjacent cells. A comparison of Ptc and Shh expression in the spinal cord and limbs showed similar patterns. Thus it seems clear there is a mechanism that prevents Gli and Shh from being coexpressed at most developmental stages. Our analysis, taken together with previous studies of Gli-2 and -3 Fig. 5 . Gli and Ptc expression is complementary to Shh expression in the gut and whisker follicles. Embryos at 13.5 dpc were hybridized to probes for Gli (A), Ptc (B) and Shh (C) and transverse sections through the gut were taken. Gli and Ptc expression is detected in a ring of mesoderm surrounding the central endodermal Shh expression. Whole mount in situ analyses of 12.5 dpc whisker follicles probed for Gli (D), Ptc (E) and Shh (F) show complementary expression patterns with Gli and Ptc localized to mesodermal rings surrounding the central ectodermal Shh. expression, indicates that the cumulative expression pattern of the Gli genes is complementary to that of the Hh family, similar to the single ci and hh genes in fly. This would indicate that in mice, as in fly (Dominguez et al., 1996) , the Gli proteins could repress Hh transcription. Therefore, the vertebrate Gli genes as a group might be involved in Hh signal transduction as well as attenuation by eventually limiting the domain of Hh expression.
Gli RNA is maintained and potentially induced by Hh
Our expression studies suggested that Gli expression is maintained in response to Hh signals in diverse regions of the embryo. To address whether Hh can also activate Gli transcription, we analyzed whether Gli expression is associated with ectopic Hh expression (Fig. 6) . We made use of the lst D mutant mice which show anterior limb bud expression of Shh and Ptc (Chan, 1995 Goodrich et al., 1996 . We analyzed the hindlimbs of heterozygous mutant animals at 11.5 dpc (Fig. 6 ). These animals showed ectopic Gli expression consistent with Gli gene activation by Shh. These results are consistent with studies showing that transgenic mice expressing a dominant negative PKA construct in the midbrain or misexpression of Ihh in chick limbs leads to ectopic Gli and Ptc expression (Epstein et al., 1996; Vortkamp et al., 1996) . One interpretation of this finding is that Shh's ability to activate Ptc transcription may be through the activation of Gli expression. Likewise, it has recently been shown that ci can directly activate ptc in Drosophila (Alexandre et al., 1996) .
Gli as the family member transducing Hh signals late in development
Since the GLI gene family contains at least three vertebrate members, it is important to determine which one(s) are important in vivo for transduction of Hh signals. Expression studies are most consistent with Gli being the primary gene normally playing this role, at least after 9-10 dpc in most tissues. First of all, among the GLI family members, only Gli is consistently and continually expressed near the known Hh genes. Also, we have shown that the expression patterns of Gli and Ptc are nearly identical. Since, in Drosophila, ptc expression is an indicator of hh signaling, our results are consistent with Gli mediating the Hh signal utilizing a similar genetic pathway. In the brain, after 10.5 dpc, expression of Gli-2/3 is different from Gli and generally dorsally localized where no Hh gene has been identified in mouse. During bone development, Gli and Ptc appear to colocalize whereas Gli-2/3 are expressed in the interdigital and interzonal mesenchyme (Hui and Joyner, 1993) , regions that do not express Ptc. Consistent with Gli rather than Gli-2/3 normally being an important mediator of Shh signaling, it has been shown in gain-of-function studies that the human GLI but not GLI3 gene can induce floor plate development (Platt et al., submitted) . Based on gene expression, it is possible that Gli-2/3 respond to Hh early in development, but have a different set of target genes from Gli and/ or are repressed by Hh signaling. Recently, mice with a targeted mutation in the Shh gene have been generated (Chiang et al., 1996) . These mice have a severe phenotype including defects in the ventral neural tube, limb, and brain, all regions that express both Shh and Gli. In summary, we have shown that Gli is coexpressed with Ptc adjacent to Hh signals throughout the developing mouse embryo consistent with conservation of another member of the Hh signal transduction pathway that has been described in Drosophila. This suggests that the Hh-PtcGli pathway is a generic mechanism used widely for cellcell communication during development.
Experimental procedures
In-situ hybridization and sectioning
Staged embryos from 8.5 dpc to 15.5 dpc were isolated from mating of CD-1 mice, with the day of the plug considered 0.5 dpc. A lst D male mutant mouse was kindly provided by Dr. P. Leder (Harvard Medical School, Boston, MA) and used to plug CD-1 females.
Whole-mount in-situ hybridization was carried out as described (Wilkinson, 1992) with post-hybridization modifications (Lamb et al., 1993) . Embryos were treated with proteinase K at 20 mg/ml for various times depending on their developmental stage: 8.5, 9.5, 10.5, 11.5, 12.5, 13.5, and 14.5 dpc embryos were digested for 3, 6, 12, 17, 18, 19, and 20 min, respectively, at 37°C with agitation. Antisense riboprobes were synthesized with digoxigenin-coupled UTP (Boehringer Mannheim) from the following templates. The mouse Gli clone (Hui et al., 1994) was linearized with NotI and transcribed with T3 RNA polymerase. The mouse Ptc clone M2-3 was linearized with SacI and transcribed with T3 RNA polymerase, and the mouse Shh clone (Echelard et al., 1993) was linearized with HindIII and transcribed with T7 RNA polymerase.
To section embryos processed for whole mount in situs, the samples were equilibrated at 4°C overnight in 50% sucrose in PBS. Samples were then embedded in tissue tek and frozen. Sections (40 mm) were mounted on glass slides, briefly rinsed in PBS, and mounted in Aquamount (Lerner Labs.).
In situ hybridization on tissue sections using S 35 UTP (Dupont NEN)-labelled riboprobes was carried out as described (Hui et al., 1994) . For non-radioactive section in situ analysis, digoxigenin-labelled probes were hybridized on frozen sections of paraformaldehyde-fixed embryos as described (Birren et al., 1993) . Samples were counterstained in Fast Nuclear Red.
Alcian Blue staining of whole embryos at various stages was performed as described (Ojeda et al., 1970) .
Microscopy
Whole-mount embryos were visualized and photographed using a Leica M-10 microscope. Section in situs were visualized and photographed on a Leica DMR XE compound microscope.
